Abstract Biodiesel obtained from mustard seed is found to be a promising alternative for petroleum diesel fuel owing to its similarity in physical and chemical properties. In this work, TiO 2 nano-fluid which acts as an oxygen buffer during combustion was added to mustard oil biodiesel (MOBD) to study its effect on emission characteristics of MOBD. TiO 2 nano-fluid can provide high surface energy during the course of combustion and reduces the limitations of neat biodiesel. A four-stroke, multi-cylinder, water-cooled, diesel engine was used in the experiments and was fueled with diesel, neat MOBD and MOBD with TiO 2 nanoparticles at 100 ppm (MOBDT100), 200 ppm (MOBDT200) and 300 ppm (MOBDT300). Experimental results revealed that the TiO 2 nanoparticles had positive effect on the emission characteristics of MOBD as it acted as an oxidation buffer. MOBDT300 showed a reduction in HC, CO and smoke emissions as compared to pure MOBD. In addition, NO x emissions were also reduced by the catalytic activity of the TiO 2 nanoparticles which reduce the peak combustion temperature. Therefore, TiO 2 nano-fluid had a positive effect on reducing the emissions associated with neat biodiesel.
Introduction
Availability of crude oil and petroleum products is likely to become limited and expensive in the future. On the other hand, the fuel economy of engine is improving and will continue to progress. However, the massive increase in the number of vehicles has started dictating the fuel demand. Gasoline and diesel fuels may become limited and costly in the future. Of the various alternate fuels under consideration, biodiesel derived from vegetable oils is the most promising alternative fuel to diesel due to its limited need for modification (Britto and Martins 2014) , free from sulfur, better lubricating property and improving fuel or energy security. Biodiesel is mainly comprised of monoalkyl esters of long chain fatty acids, and it is defined in standard ASTM D6751. Normally feedstock such as vegetable oil and animal fat is used to produce biodiesel through the transesterification process (Lesnik et al. 2014) . Through this process glycerol is extracted from the vegetable oil and can be used in existing engines (Yuvarajan and Venkata Ramanan 2016a) . Further, by this process the oil properties of biodiesel are made closer to diesel. It may be used in any diesel automotive engine in its pure form or blended with diesel (Lahane and Subramanian 2015; Kannan et al. 2011) .
Mustard oil biodiesel has higher kinematic viscosity and oxygen content which will result in increase in nitrous oxide (NO x ) emission during the combustion process in diesel engines (Mahbubul Alam 2014; Tabtabaei et al. 2015) . Many studies of mustard oil biodiesel have been reported for its effective usage in the compression ignition engine applications (Yuvarajan and Venkata Ramanan 2016b; Singh et al. 2010) . Yuvarajan and Venkata Ramanan (2016b) studied the working of a diesel engine fueled with neat mustard oil biodiesel and found a reduction in brake thermal efficiency and significant increase in NO x emission when compared with normal diesel. However, HC and CO emission was found to be lower for MOBD fuel operation compared to diesel. Singh et al. (2010) tested the mustard oil biodiesel MOBD in a CI engine and found increases in NO x emissions. They found that emission value of HC, CO and smoke is reduced by 3.8%, 5% and 4.1%, respectively. Issariyakul and Dalai (2011) employed mustard oil biodiesel in a constant speed diesel engine and found a significant reduction in HC, CO and smoke emission. However, NO x emissions were found to increase with increase in biodiesel content.
Adding nanoparticles in powder form to the biodiesel results in a higher evaporation rate and shortened delay period and promotes secondary atomization which results in lower engine emissions. This also provides catalytic activity during combustion process (Keskin et al. 2008) . Nano-sized metal oxide particles have the ability to hold energy within. This results in improved reactivity. Further they also have a large specific surface area which improves the combustion. Nano-fluid improves the reaction between fuel and oxygen present in the cylinder owing to high surface-to-volume ratio to improve the combustion (Khond and Kriplani 2016) . In addition, nano-sized metal oxide particles produce hydroxyl radicals during the reaction between the metal oxide and water which in turn improves the oxidation of soot, thereby reducing oxidation temperature (Keskin et al. 2008 ). Due to many inbuilt features, many metal oxides namely MnO, ZnO, CuO and TiO 2 are used as additives in diesel engines.
Much research had been carried out to reduce emissions in biodiesel operation by adding nano-sized metal oxide particles in different proportions. Keskin et al. (2008) investigated the effect of doping synthesized Mn and Mo nano-metal oxides as an additive in diesel fuel. They found improvement in fire point, flash point and viscosity. Further manganese oxide additive reduced CO emission by 37%, NO x by 4% compared to the diesel fuel. Khond and Kriplani (2016) studied the effect of nano-fluid additives on performance and emission characteristics of emulsified diesel and biodiesel fueled in a stationary CI engine. They found the nano-fluid reduces NO x emissions by 6.7%. Venu and Madhavan (2016) investigated the effect of titanium and zirconium oxide in biodiesel and ethanol blends and reported that additives in the fuel blend result in reduced emissions. Balaji et al. (2016) investigated the impact of propyl gallate antioxidant in neem oil biodiesel. They concluded that the NO x emission of neem oil biodiesel was found to be decreased by adding oxygenated additive. Kasireddy Sravani and Ravindra Reddy (2016) investigated the effect of zinc oxide nano-fluid with Pongamia biodiesel and reported the considerable reduction of emissions with slight increase in NO x in the exhaust. Yang et al. (2013) studied the effect of novel nano-organic additives in biodiesel and found 4%, 9.2% and 8.2% reduction in NO x , CO and smoke emissions, respectively. Sadhik Basha (2014) employed alumina nanoparticles as an additive in neat water-biodiesel emulsion fuels and found that the CO and HC emission was decreased by 22% and 16%, respectively, when compared to neat diesel.
From the outcome of various studies available in the technical literature, there exists a gap in implementing 100% neat mustard oil biodiesel as a replacement of diesel for practical applications owing to increased exhaust NO x emissions. The literature studies have not arrived at an organized investigation employing 100% MOBD in diesel engines to reduce the emissions by adding emulsified titanium dioxide nano-additives. Based on this critical situation, a methodology has been developed in order to use emulsified nano-metal oxides with neat mustard oil biodiesel. Emulsification of titanium oxide at different concentrations with MOBD biodiesel leads to reduced engine emissions.
Mustard oil is biodegradable and non-toxic oil, essentially free from sulfur and aromatics. Mustard oil has a high boiling point and flash point which makes it safer to handle and transport. Further, mustard oil has a low vapor pressure and volumetric energy density compared to diesel. In addition, mustard oil has low better lubricating property than diesel as it removes the deposits in the fuel lines and improves the engine life. Mustard oil has high cetane index and hence it possesses less knocking tendency. Hence, it is inferred that mustard oil can be used as fuel in existing diesel engine with minor or no modifications. No work of similar nature has been tried by adding metal oxide nanoadditives to 100% MOBD biodiesel as an alternative source of energy for replacing diesel. Neat biodiesel will result in higher NO x emissions and a longer delay period which makes the fuel unfit for practical usage. Hence this work focuses on employing 100% mustard oil biodiesel incorporated with metal oxide nano-additives by emulsification in a diesel engine. Titanium dioxide (TiO 2 ) nanoparticles were added to the mustard oil biodiesel (MOBD) at three different dosage levels of 100, 200 and 300 ppm. The present work also investigates the effect of TiO 2 nanoparticles on the emission characteristics of neat biodiesel. Table 1 represents the experimental setup and its specifications used for this study. Eddy current dynamometer is used to measure the torque and load during the trial. The engine exhausts are measured by an AVL DiGas 444 five gas analyzer. Table 2 presents the uncertainties in the calculated results and the accuracies of the measurements. A K-type thermocouple having a range of 0-1500°C is used to measure the temperature on the test bed. The whole experimentation was carried out under ambient condition (35°C, 1 bar) . Schematic layout of the test engine is shown in Fig. 1. 
Materials and methods

Experimental setup
Fuel preparation
For experimentation, the biodiesel was prepared from neat mustard oil with the conventional transesterification process based on the ASTM D6751 standard. TiO 2 nanoparticles were procured from local suppliers (Royal Scientific Suppliers). Chemical properties of TiO 2 nanoparticles are listed in Table 3 . TiO 2 nano-fluid was prepared by adding 100, 200 and 300 ppm of TiO 2 nano-powder to distilled water on a volume basis. TiO 2 nano-fluid was then mixed with mustard oil biodiesel (MOBD) with the help of surfactant (Span 80) using a magnetic stirrer for 60 min at a speed of 510 rpm under atmospheric conditions. The fuel comprising MOBD with 100, 200 and 300 ppm of TiO 2 nano-fluid was denoted as MOBDT100, MOBDT200 and MOBDT300. Span 80 was used as a surfactant to bond the nano-fluid with the mustard oil biodiesel. Figure 2a shows the scanning electron microscope image of TiO 2 nano particles dispersed in the fuel. Figure 2b shows transmission electron microscopy image of TiO 2 nanoparticles dispersed in the fuel. MOBDT100, MOBDT200 and MOBDT300 comprise of 93% MOBD, 5% nano-fluid and 2% surfactant on basis of volume. The prepared samples were found stable without any phase separation. The properties of all the tested fuels are listed in Table 4 .
3 Results and discussion
Hydrocarbon (HC) emission
Change in the unburned hydrocarbon emission with respect to load for diesel, MOBD, MOBDT100, MOBDT200 and MOBDT300 is shown in Fig. 3 . Diesel engine exhibits more HC emissions due to improper mixing of fuel with air during the course of combustion (Keskin et al. 2008) . Biodiesel has lower HC emission than diesel at all loads. This is due to the presence of inbuilt oxygen in it. Further, hydrocarbon emission increases with load for all tested fuels. At higher loads, additional quantities of fuel are supplied to maintain the power output at constant rate (Venkata Ramanan and Yuvarajan 2015) . HC emissions for MOBDT100, MOBDT200 and MOBDT300 are lower than that of MOBD. TiO 2 nano-fluids present in the fuel improve the rate of combustion by providing additional oxygen molecules and result in improved combustion (Venu and Madhavan 2016) . Reduction in HC emission was more significant for MOBDT300. This is due to secondary atomization of MOBD with considerable fuel distribution in the combustion chamber with higher content of TiO 2 nanoparticles (Venu and Madhavan 2016) . In addition, the oxygen content in the fuel increases with increase in TiO 2 nanoparticles causing improved combustion (Arulprakasajothi et al. 2015) . By adding 300, 200 and 100 ppm of TiO 2 nanoparticle to MOBD resulted in 3.6%, 2.4% and 1.8% decrease in HC emission, respectively, at full load compared to neat MOBD. This result is in line with other research (Venu and Madhavan 2016; Yuvarajan and Munuswamy 2016c; Sadhik Basha 2014) . Figure 4 shows the variation in CO emission with load for diesel, MOBD, MOBDT100, MOBDT200 and MOBDT300. CO emissions are caused due to deficient burning of fuel throughout the combustion (Sadhik Basha 2014). Carbon monoxide emission for MOBD, MOBDT100, MOBDT200 and MOBDT300 is lower than for petroleum diesel. This is because of the excess oxygen molecules present in the biodiesel (Yuvarajan et al. 2017b) . It is also observed that the carbon monoxide emission increases with increase in load for all tested fuels. As the load increases, additional quantity of fuel has to be supplied which in turn ends in a richer mixture and leads to higher CO emissions. CO emissions for MOBDT100, MOBDT200 and MOBDT300 are lower than that of MOBD at all loads. TiO 2 nanoparticle improves the combustion rate by increasing the heat transfer rate of fuel during combustion owing to its catalytic activity and reduce CO emissions (Arulprakasajothi et al. 2015) . In addition, the water present in biodiesel detonates and creates turbulence between air and fuel and reduces CO emissions (Sadhik Basha 2014). By adding 300 ppm of TiO 2 nano-fluid to MOBD, 6.1% and 10.8% reduction in CO emissions is obtained when compared to MOBD and diesel, respectively.
Carbon monoxide (CO) emission
Oxides of nitrogen (NO x ) emissions
Variation in nitrogen oxide (NO x ) emission with load for diesel, MOBD, MOBDT100, MOBDT200 and MOBDT300 is shown in Fig. 5 . NO x emission from biodiesel was found to be higher than from diesel. This is owing to excess inbuilt oxygen content present in it. Fuel with higher oxygen content will enhance the combustion process and result in higher temperature combustion and higher NO x emission (Devarajan et al. 2017 ). However, TiO 2 nano-fluid-blended biodiesel shows significant reduction in NO x emission when compared to neat biodiesel. This is due to the combined effect of TiO 2 nano- fluids and the water present in fuel. The catalytic effect of TiO 2 nano-fluids promotes the combustion by reducing the ignition delay period (Arulprakasajothi et al. 2015) . The water present in MOBDT100, MOBDT200 and MOBDT300 reduces the peak temperature during combustion by absorbing the heat during combustion (Sadhik Basha 2014; Keskin et al. 2008) . TiO 2 nano-fluids increase the effective surface area of fuel with air and result in improved combustion and lower NO x emissions (Venu and Madhavan 2016) . 
Smoke opacity
Variations in smoke emissions with load for all the tested fuels are shown in Fig. 6 . Smoke emission for MOBD, MOBDT100, MOBDT200 and MOBDT300 is less than that of diesel at all the loads. This is a result of higher inbuilt oxygen content of the fuel (Yuvarajan et al. 2017a) . Smoke emission increases with load for all tested fuels. As the load increases, additional quantity of fuel is supplied which in turn ends in a richer mixture and leads to higher smoke emissions (Yuvarajan et al. 2016) . Smoke emissions for MOBDT100, MOBDT200 and MOBDT300 are lower than that for MOBD at all the loads. TiO 2 nanoparticles enhance the rate of evaporation of fuel owing to the inbuilt excess oxygen present in it. TiO 2 nanoparticles reduce the activation temperature of carbon which aids complete combustion and lower smoke emissions (Arulprakasajothi et al. 2015) . TiO 2 nano-fluids increase the mixing rate of fuel with air by creating micro-detonation of water present in fuel during combustion. This result agrees with many other similar works (Venu and Madhavan 2016; Sadhik Basha 2014) .
Conclusion
This study examined the emissions from the effect of TiO 2 nano-fluids of varying proportions on mustard oil biodiesel in a constant speed diesel engine. The main intention of this study was to investigate the reductions in HC, CO, NO x and smoke emissions when deploying three different fuels. TiO 2 nano-fluids are mixed with mustard oil biodiesel (MOBD) with the help of surfactant (Span 80) at 100, 200 and 300 ppm. The result confirmed that the HC, CO, NO x and smoke emission were reduced significantly by incorporating TiO 2 nano-fluids in the biodiesel. Significant reductions in all the emissions were achieved by MOBDT300 owing to catalytic effects, improved thermal conductivity and better oxidation capability of TiO 2 nanofluids. Further, it is also concluded that the neat mustard oil biodiesel can be used in existing diesel engine with minor modification. Further, TiO 2 nano-fluid had a positive effect on reducing the emissions associated with neat biodiesel
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